Microbes often catalyze manganese reduction, that is, the production of reduced Mn2" from solid Mn3+, Mn4+ oxides known as manganates, manganese oxides, or MnO (where x is generally less than 2). Manganese reduction can occur when reduced metabolic end products are excreted and react abiotically with these oxides. For instance, sulfate-reducing bacteria can be considered (indirect) manganese-reducing organisms because of the rapid reaction between sulfide and manganates (D. J. Burdige, Ph.D. thesis, University of California, San Diego, 1983; D. J. Burdige and K. H. Nealson, manuscript in preparation). Some organic compounds also reduce manganese oxides (28) , suggesting another type of indirect microbial manganese reduction because many reduced organics may be produced as metabolic end products during bacterial fermentation.
Bacteria can also directly reduce manganates under a wide range of experimental conditions (3, 10, 11, 17, 21, 22, [29] [30] [31] [32] [33] . Many of these studies, as well as studies of the geochemistry of marine sediments (7, 9, 15) and thermodynamic considerations, suggest that bacteria link manganese reduction to their oxidation of organic substrates, with manganates serving as an alternative electron acceptor when oxygen and nitrate are depleted. However, some laboratory studies with pure bacterial cultures have observed that the presence of oxygen does not inhibit microbial manganese reduction (29) (30) (31) . Trimble and Ehrlich (29) showed that oxygen does not interfere with manganese reduction by the two organisms they examined and that 02 and manganates do not compete with one another as electron acceptors.
Further studies with one of these organisms (10, 11, 30) showed that it possesses a manganese-reductase system whose activity is inducible by Mn2+ and is coupled to an electron transport chain (with glucose as an electron donor) but was unaffected by the presence or absence of 02- mental conditions. Zehnder and Brock (33) noted that manganese oxides stimulated anaerobic methane oxidation by both freshwater sediments from Lake Mendota, Wis., and digested sewage sludge. However, it was not clear whether the manganese oxides were reduced or what role they played in methane oxidation. Wollast et al. (32) Enrichment procedures. The medium used for enrichment cultures was prepared with SF ASW and the three-carbon mixture (pyruvate, acetate, and succinate). Aliquots (10 ml) were then aseptically placed in presterilized screw-cap test tubes containing preconditioned 8MnO2 (initial concentration, 0.05 to 0.1 mg/ml = 575 to 1,150 mM). These were then stored in the anaerobic chamber until used (minimum equilibration time before use was overnight).
Enrichment cultures used in these experiments were obtained by inoculating these tubes with surface sediments (1 to 10 cm) collected from Skan Bay, Alaska (24) , and the San Clemente basis off southern California (8) . All enrichments were maintained at room temperature (25°C) in the anaerobic chamber and were transferred (0.1 ml) to tubes containing fresh medium upon depletion (on the basis of visual inspection) of the solid 5MnO2. After three to five transfers in this medium, enrichments were transferred to a medium containing SF ASW and succinate. For consistency among experiments, these were used to inoculate all experiments.
Studies of manganese reduction by enrichment cultures. Media for these experiments were prepared with either ASW or SF ASW (as described above) with either lactate, acetate, or succinate as the single carbon source. Portions (20 ml) of these media were aseptically dispensed into presterilized screw-cap test tubes, and the tubes were equilibrated overnight in the anaerobic chamber before use.
Before an experiment was begun, preconditioned 5MnO2 was added to the experimental tubes from a sterile, anaerobic stock suspension. The initial concentration of bMnO2 was either 0.05 or 0.1 mg/ml. After inoculation with 0.2 ml of an enrichment culture (see above), samples (generally 0.5 ml) were removed as a function of time to measure the amount of Mn2+ produced in the experiment. All experimental tubes were gently agitated for the duration of the experiment on an orbit shaker set inside the anaerobic chamber. A sterile glass bead was placed in each tube so that this agitation would keep the solid manganate in suspension. Uninoculated parallel blank experiments were run for all experiments.
The extent of manganese reduction was determined by measuring the total amount of Mn2+ produced (i.e., the end product of the reduction reaction). Because manganate suspensions above pH 5 to 7 have large capacities for binding or adsorbing Mn2+ (18, 19) , a method was developed to measure both free, soluble Mn2+ and Mn2+ which is bound or adsorbed to the surfaces of the remaining 5MnO2 particles. Samples were removed from the tubes and filtered (inside the anaerobic chamber) through a 0.2-Lm-pore-size membrane filter (Gelman Sciences, Inc., Ann Arbor, Mich.) by using a 13-mm (diameter) Swinnex filter holder (Millipore Corp., Bedford, Mass.) and a 5-ml disposable plastic syringe. The filters were then removed from the filter holder and soaked for 2 h in 2 ml of an anaerobic 10 mM CuS04 solution (pH 4.7), allowing the bound Mn2+ ions to be replaced by the excess cuprous ions. The CuS04 solution was then filtered. Dissolved manganese was measured in both filtrates by flame atomic absorption spectrophotometry with an air-acetylene flame. Values were corrected for sample dilution and summed to obtain the amount of Mn2+ in a given sample. This method was found to desorb >90% of the Mn2+ bound to a 8MnO2 surface (Burdige, Ph.D. thesis).
Except where noted, all experiments were performed with 2/31 ASW. In one set of experiments, 20 mM sodium molybdate or 20 mM sodium molybdate and 10 mM sodium azide were added to experimental tubes 6 h after they were inoculated. Molybdate was added an an inhibitor of sulfatereducing bacteria (20, 27) , whereas azide was added to poison organisms that possesses an electron transport system and generate at least a portion of their ATP by oxidative phosphorylation (12) . The combination of azide and molybdate should, under anaerobic conditions, only allow the growth only of fermentative bacteria.
The effect of nitrate on manganese reduction was assessed by adding 200 ,uM NaNO3 to the medium before inoculation. To study the effect of oxygen on manganese reduction, we covered another set of tubes with Belco cap closures (rather than screw caps), removed them from the anaerobic chamber just after inoculation, and then mixed them vigorously for 2 to 3 min to ensure that the medium was fully equili- brated with atmospheric oxygen at the start of the experiment. These were then also shaken (under laboratory air) for the duration of the experiment.
RESULTS
The two enrichment cultures used in these studies were isolated from coastal marine sediments. Enrichment culture SK-13 came from surface sediments collected in Skan Bay, Alaska, and after being returned to the laboratory was transferred three times before use in these experiments. The predominant organism in this culture was an oblate-shaped rod approximately 4 to 6 ,um long and 1 to 2 pum wide (estimated by light microscopy at xl,000 magnification). Most of the cells were nonmotile and occurred both individually and as linked chains of 3 to 10 bacteria. Enrichment culture SC-44 was obtained from surface sediments taken from the San Clemente basin off southern California. This culture was transferred four times before being used in these studies. The dominant organisms in this enrichment culture were long thin rods (7 to 11 by 0.6 to 1.2 Rm). They were almost exclusively nonmotile, and many seemed to have, or were forming, terminal endospores.
The results from these experiments are shown in Fig. 1 Fig. 4, 6 , and 7), or (ii) the manganese profile appeared to level off near the end of an experiment owing to depletion in either the total 5MnO2 added to the experiment (see Fig. 1 manganese-reducing organisms in the enrichment cultures may vary over the course of an experiment, it is possible that the resulting Mn2+ production could be nonlinear over time. However, as we will show below and in comparison of rates among different experiments, we believe that to at least a first approximation this fitting procedure was valid in analyzing our data.
Relative to uninoculated parallel blank experiments, these enrichment cultures were able to reduce 8MnO2 when grown Fig. 1 and 2 , and the results of all experiments performed are summarized in Tables 1 to 3. When SC-44 was grown on lactate ( Fig. 3 ) and SK-13 was grown on succinate (Fig. 4) , the addition of 20 mM molybdate had little effect on manganese reduction. Although molybdate caused a 13% decrease in the rate of Mn2+ production by SC-44 when it was grown on lactate (Table 1) , Mn2+ production in the presence of azide and molybdate was 31.2% of the rate in their absence; however, this was only 5.1% of the enhanced rate observed when molybdate alone was present (Table 1) .
The results in Fig. 6 and 7 show the effects of NO3 and oxygen on manganese reduction by these enrichments. The addition of 200 ,M NO3-to the medium led to a slight decrease in the rate of Mn2+ production by both enrichment cultures (approximately 20%; Tables 1 and 2) , whereas oxygen caused an almost complete cessation of microbial manganese reduction. Under aerobic conditions, the rate of manganese reduction by SK-13 grown with succinate was only 1.3% of the rate under anaerobic conditions; for SC-44 grown with lactate, the rate of Mn2+ production in the presence of 02 was 5.7% of the rate observed in its absence.
DISCUSSION
The results presented here serve to illustrate a few points and to generate several questions. In agreement with the results of other workers, the presence of viable bacteria led to a great enhancement in the rate of manganese reduction. However, in contrast to other studies (11, (29) (30) (31) , our enrichment cultures reduced manganese under anaerobic but not aerobic conditions (Fig. 6 and 7) . Whether the individual organisms responsible for manganese reduction are facultative or obligate anaerobes is not yet known, but here the process of microbial manganese reduction is clearly dependent on the exclusion of oxygen. Troshanov (31) noted that the manganese-reducing organisms he isolated from lake sediments were microaerophiles that were unaffected by the presence of oxygen. Trimble and Ehrlich (29) observed that not only did oxygen not interfere with manganese reduction by a marine Bacillus species and an unidentified marine coccus but that oxygen was required to adapt the cultures to utilize manganates. In addition, further studies with the Bacillus sp. (11) showed that 10 mM azide stimulated manganese reduction by this organism, whereas in our experiments this concentration of azide inhibited essentially all microbial manganese reduction (Fig. 3 to 5 ). These differences suggest that the manganese-reducing organisms in our enrichment cultures are metabolically distinct from the others that have been studied previously. Pure culture studies should resolve the detailed nature of these differences.
In our initial enrichment cultures, SF ASW was used in conjunction with carbon sources which favor respiratory metabolism in an effort to eliminate the possibility of isolat- (23), it is possible that the enrichment procedure described here could have selected for such a sulfate-reducing organism. The lack of molybdate inhibition of manganese reduction (Fig. 3 to 5) indicates that this did not occur. The concentration of molybdate we used has been shown to be an effective inhibitor of sulfate reduction in both laboratory (pure culture) and field studies of this process (20, 27 ; Burdige, Ph.D. thesis). As a result, it appears that the reduction of 5MnO2 by these two enrichment cultures is not due to the presence of sulfate reducers (and the sulfide they produce) in either of the cultures.
The fact that the simultaneous addition of azide and molybdate stopped virtually all manganese reduction (Fig. 3  to 5 ) indicates that the organisms responsible for manganese reduction in these enrichment cultures coupled manganese reduction to electron transport and respiration. Although it is possible that this azide inhibition was the result of a non specific inhibition of other enzymes by azide, we are not familiar with any studies which illustrate such a phenomenon and we have assumed that, as has been shown previously (11, 12) [11] indicate for the manganese-reducing organism they studied), or do the organisms use a diffusible reversible electron carrier which shuttles between their electron transport system and the manganate particles. The works of Hochster and Quastel (13) and Stone and Morgan (28) suggest that compounds such as ferricyanide, methylene blue, or certain quinones could serve in such a role. As with the above questions, these can be answered only with pure cultures of manganese-reducing organisms, which are now being isolated in our laboratory.
Finally, how do these results compare with other reported rates of manganese reduction? Table 4 lists rates and rate constants for a number of environments (rates of manganese reduction are reported here as Mn2+ production rates). First-order rate constants were obtained from geochemical models, assuming that the rate of manganese reduction is first order with respect to the concentration of solid manganate present (1, 4, 14) . These environmental rates are upper limits, because solid-phase manganese generally goes to zero in the zone of manganese reduction. Also listed in Table 4 are the maximum rates of manganese reduction observed in the experiments presented here. The fact that these experimental microbial rates are generally higher than environmental rates could be the result of a number of factors, including the following. (i) The density of manganese-reducing organisms in our laboratory experiments was higher than in the environments examined.
(ii) The concentration of nutrients (including manganates) in our experiments was greater than is commonly observed in nature. (iii) The manganate phase used in these experiments was kinetically more reactive than natural manganates. (iv) Variability in other physical parameters (e.g., pH, Eh, or temperature) may have existed between these experiments and the environments studied. It should also be kept in mind that these are modeled, not measured, rates and they do not take into account the possibility of simultaneous oxidation and reduction of manganese in, perhaps, microenvironments of these regions. Such an occurrence would lead to an underestimation of true activity. It is also possible that in many environments, including some of those listed in Table 4 , mechanisms of manganese reduction other than those studied here (such as indirect microbial manganese reduction mediated by sulfide or reduced organics) may be responsible for the observed activity. Careful microbiological field studies will be required to address these questions.
